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PROJECT FIRE MODEL ^^ 

Summary Progress Report - II 
Period May 1, 196O to April 30> 19^2 
"by 

W. L. Fons 
H. B. Clements 
E. R. Elliott 
P. M. George 

Southern Forest Fire Laboratory 
Southeastern Forest Experiment Station 
Forest Service, U.S.D.A. 

INTRODUCTION 

The general objectives of this project are to evaluate the 
effects of the independent variables of fuel, fuel bed, fuel base, 
and atmospheric conditions on the dependent variables such as rate 
of burning, flame size, rate of energy released, and others which 
are concerned with the spread and control of fires burning in solid 
fuel. Detailed objectives, scope, and importance of the project and 
a work plan are presented in an earlier report (Fons et al., I96O). 
The immediate aim of the project is to explain by means of reliable 
data the behavior of a laboratory-scale fire burning solid fuels in 
an unconflned atmosphere. No attempt is made in this report to 
establish quantitative relations between laboratory-scale and full- 
scale building or forest fires . 


^ This research was originally sponsored by the Office of 
Civil and Defense Mobilization (OCDM Contract DCM-SR-59“10) and since 
April i960 continued under contract with the National Bureau of 
Standards (NBS Order No. 35372-60, April l4, i960, as amended, and 
NBS Order No. S -302190-62, February 28, I962). 
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The propagating flame model selected for study permits 
estahlishment of a steady-state condition (Fons et al., 1959) for 
the f ree -burning of solid fuels. With this model the parameters 
which govern combustion can be examined and measured over an extended 
period of time. The model represents on a reduced scale a section of 
the combustion zone of a moving fire front burning in a homogeneous 
fuel bed without spotting. 

To date about 100 experimental fires have been burned using 
this stfeady-state model. Measurements of the dependent and independent 
variables were analyzed to establish quantitative relationships between 
certain fire properties and the fuel and fuel bed parameters . For 
example, a functional relationship between flame dimensions and the 
rate of burning was verified. Also, a correlation was found between 
dimensionless groups containing burning time, flame length, and those 
parameters which describe the physical properties and the geometry of 
the fuel and the fuel bed. 

EXPERIMENTAL CONDITIONS 

The essential elements of the fire model are: a wood fuel bed 
built in the form of a crib, a combustion table equipped to transport 
the fuel bed at a controlled rate, an Ignition device, a base of inert 
material of known density, and sensing and recording Instruments to 
measure specific variables (Fons et al., 1959)- 


The fuel hed is a crib of wood sticks of square cross section. 

The physical features of such a fuel bed can be controlled. For 

example, the species, density, moisture content, size and spacing of 
the wood sticks, and the width and hei^t of the fuel bed are all 

selected before the crib is built. The crib is formed by placing the 

sticks in tiers with the selected spacing between sticks. A drop of 
resorcinol-formaldehyde resin glue is placed on each Junction to bond 
the crib into a rigid assembly. For several weeks before burning, the 
crib is conditioned to an equilibrium moisture content in an atmos- 
phere of constant temperature and relative humidity. 

The ignition device is a narrow, shallow trough containing an 
asbestos wick saturated with a liquid hydrocarbon. This device is 
placed at one end of the crib. The liquid hydrocarbon is Ignited to 
Initiate combustion in the fuel bed. The fire gradually spreads to 
the other end of the crib, reducing the wood to a residue of ash and 
charcoal. 

The combustion table is equipped with a chain-belt mechanism 
which moves the crib and two heavy asbestos sheets, one on each side 
of the fire, in synchronism with the flame spread to simulate move- 
ment of the fire front relative to the ground. The crib and its 
inert base rest on the chain-belt, which is moved manually by a gear 
drive in order to hold the flaming zone of the burning crib in a 
fixed position. 

The combustion gases diluted by the entrained air are expelled 
from the room through a 2 -foot -diameter exhaust stack. The incoming 


- 3 - 



conditioned air is supplied to the room at a rate of about 5; 000 cubic 
feet per minute through several louvered outlets in a continuous duct 
located near the celling around the room. The entrance to the stack 
is a hood 12 feet in diameter and located 12 feet above the combustion 
table . 

Time-lapse cameras mounted on the wall photograph the test 
fires for subsequent measurements of flame depth and length. Three 
grids of thermocouples suspended at different levels above the com- 
bustion table measure temperatures of the convection column. A 
thermocouple and a Pitot tube mounted in the exhaust stack measure 
the temperature and velocity of combustion gases. Thermopile radi- 
ometers located at the front, rear, and side of the test fire measure 
radiation. The sensing elements are connected to recording instruments 
in a control room adjacent to the combustion room. 

Two important features of the model are: (l) The crib is made 
relatively long and a zone of fire travels the length of the crib. 

After an initial buildup, the rate of burning or spread reaches a 
constant value, which holds until near the end, and thus the diffi- 
culty of investigating a fire burning under transient conditions is 
avoided. (2) The position of the flaming zone is held fixed in space 
by moving the fuel into the fire . This method permits the grids of 
thermocouples in the flame and convection column, radiometers surround- 
ing the fire, and other sensing devices to be stationary. The rate of 
fire spread is equal to the rate the crib is moved to maintain the 
flame in a fixed position (fig. l). 



Figure 1. - 


■A test fire at two different times, illustrating the fixed position 
of the flame as the crib moves. 
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Physical characteristics of the wood., the crib, and the en- 
vironment during the burning period for each crib fire are presented 
in Appendix A, tables h and 5« The room temperatures in these tables 
are the arithmetic means of readings taken before and after each test 
fire . 

The duration of the steady-state burning period is limited only 
by the buildup time and the length of the crib. The time for the burn- 
ing to reach a steady-state condition after one end of the crib is 
ignited depends upon such factors as spacing^ density^ size and 
moisture content of the wood sticks . Figure 2 presents curves show- 
ing the steady-state periods for the spread of fire through cribs of 
wood with different specific gravities. 

RESULTS Airo DISCUSSION 

Analyses were made of data from the crib fires to determine 
quantitative relationships between the several aspects of fire be- 
havior, such as radiative and convective heat, flame dimensions, 
emissivity, and rate of spread. The experimental data used in the 
analyses are presented in Appendix A. 

1. Heat Value of Wood 

Samples of each species of wood covering the full range of 
densities were reduced to sawdust, molded into pellets, and dried 
in a desiccator over calcium chloride. The heat values for these 
samples were determined by an Emerson, adiabatic -type, bomb calo- 
rimeter. The high heat values (with moisture condensed to liquid) 


are presented in table 1. 



Distance Burned (inches) 



TIME (minutes) 


Figure 2. --Steady-state burning through cribs of white fir wood with 
different specific gravities. 


Tatle values 


1 / 


for several species of wood 



White fir 

Basswood 

Magnolia 

Sugar maple 

LongleaT pine 

Sample 

(Abies 

(Tilia 

(Magnolia 

(Acer 

(Pinus 

Wo. 

concolor) 

1 

americana ) 

grandi- 
flora J 

saccharum) 

palustris } 


HIGH HEAT VALUE, Btu/lb 


1 

8576 

81*08 

3614 

8573 

8801 

2 

8689 

8319 

8553 

8524 

8743 

3 

8U9U 

83U1 

8522 

8469 

8741 

U 

87l).8 

8321 

8606 

8599 

8826 

5 

8708 

8335 

8542 

8483 

8742 

6 

8668 

8320 

8528 

6575 

-- 

7 

8668 

-- 

-- 

8579 

.. 

8 

9635 

-- 

-- 

— 

-- 

9 

8698 

-- 

-- 


— 

10 

8702 

-- 

-- 

" 

-- 

Average 

8659 

831*1 

8561 

85'*3 

8771 



LOW HEAT 

VALUE, Btu/lb 



Average 

8135 

7817 

8037 

8019 

8248 

l/ Corrected for 

moisture content 

to bone-dry conditions. 



7 




In the test fires, the moisture from the fuel does not condense 
as it does in the homh calorimeter. Therefore, the low heat value 
(with moisture in vapor form) is of greater interest than the high heat 
value . From the measured high heat value of the wood, the low heat 
value was calculated by assuming that wood is 50 percent carbon, hk 
percent oxygen, and 6 percent hydrogen, and on burning forms 0.539 I'b. 
of water vapor for each pound of dry wood. The water vapor, due to 
its latent heat of vaporization, reduces the high heat value by 
0.539 X 972, or 52^ Btu/lb. The low heat values for each species of 
wood, found by subtracting 524 Btu/lb from the high heat values, are 
also tabulated at the bottom of table 1. 

2 . Equilibrium Moisture Content of White Fir Wood 

The selection and control of the relative humidity of the air 
supplied to the combustion room were essential in assuring that the 
moisture content of cribs remains constant during experimental fires . 
The relative humidity for a given test fire was selected from an 
equilibrium moisture content curve for wood. For this purpose, an 
equilibrium moisture content curve was established for white fir 
wood (fig. 3). 

The points on the curve represent the equilibrium moisture 
content of 25 white fir dowels, 3/8-inch diameter and 9 inches long. 

The dowels were exposed to selected relative humidities at room 
temperature 70° F- The relative humidities were produced by satu- 
rated salt solutions placed in desiccators . After the dowels had 
been exposed to the conditions in the desiccators for a period of 
five months, they were weighed to determine their equilibrium 



moisture content . The dry weights of the dowels were determined hy 
Xylene reflux distillation method (Buck and Hughes^ 1939) • Wood, which 
tends to be highly hydrated, exhibits different apparent equilibrium 
values depending on the side from which it is approached. It is be- 
lieved that the exposure time was sufficiently long to stabilize the 
values regardless of approach, thus eliminating any hysteresis effect. 



Figure 3. --Relation of the equilibrium moisture content of white fir wood 
and relative humidity at 70° F. 
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3 . Crib Fire with Side Airflow Restricted 


It was found earlier (Tons et i960) that rate of spread 

through cribs increased only a slight amount with an increase of crib 
width. This suggested that heat losses from the sides of the crib are 
negligible in controlling rate of spread. To determine whether the 
airflow through the sides of the crib affects rate of spread, one test 
was carried out in which half the length of the crib had the sides 
shielded. This was accomplished by pretreating strips of brown wrap- 
ping paper with monoammonium phosphate salt solution. The strips of 
treated paper were glued to both sides of half the length of the crib. 
The crib was ignited and allowed to burn through the section with the 
unshielded sides and then to continue burning through the section with 
sides shielded. The treated paper charred as it entered the flaming 
zone and remained intact until it reached the glowing zone. 

Figure 4 - shows no change in the spread of fire through the 
crib as the fire advanced into the shielded section of the crib. 

^ . Influence of Species of Wood on Rat e of Spread 

The species tested were white fir, magnolia, basswood, and 
sugar maple, all nonresinous woods; and longleaf pine, a resinous 
wood. The cribs for these tests were approximately 5-5 inches high, 
9.25 inches wide, and 35.5 inches long, made from nominal l/ 2 -inch 
square sticks with a spacing of 1.25 inches between sticks in each 
tier (table 5 )* Cribs of each species of wood were burned with 
different densities and at a moisture content of approximately 10. 5 
percent. Results of these test fires are shown in figure 5. It is 
evident from figure 5 that basswood has a higher rate of fire spread 




Rat* of sprtad (in/min) Distance burned (Inches) 



Figure 4. --Spread of fire through a crib of white fir wood, 
with and without sides shielded. 
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than the other four species . This would indicate that some wood 
property other than density also has an effect on rate of hurning. 
Basswood has an oil, rich in volatile fatty acids (Wise and Jahn, 

1952, p. 563), and this may account for the higher rate of "burning. 

On the other hand, longleaf pine, a resinous wood, has practically 
the same rate of spread as white fir, maple, and magnolia. The results 
for longleaf pine indicate that resin in wood does not increase the 
rate of "burningj in fact, it appears to act as a retardant. 

5 . Influence of Specific Gravity and Moisture Content 
of Wood on Rate of Fire Spread 

Six series of crl"bs were "burned to determine the effect of 
specific gravity of wood on rate of fire spread for different moisture 
contents. The cri"bs were approximately 5-5 inches high, 9.25 inches 
wide, 35-5 inches long, and mxade from nominal l/2-inch square sticks 
with spacing of I.25 inches "between sticks in each tier (ta"ble k) . 

As shown in figure 6, the rate of spread increases rapidly with de- 
creasing moisture content for specific gravities less than 0.45 and 
moisture contents less than 10 percent. Since litter, "bark, moss, 
grass, leaves, and partially decomposed wood have specific gravities 
somewhat less than 0.45 and are the fuels which contribute largely to 
the spread of most forest fires, it is apparent that moisture content 
and specific gravity of these fuels are important. 



Rote 



Figure 6. --Effect of specific gravity of wood on rate of spread through cribs at 

different moisture contents. 
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6 . Flame Dimension Correlation 


When buoyant combustible gases emerge from a burning fuel bed 
into an unconfined atmosphere where they bum as a flame, the rate of 
oxygen diffusion into the gaseous fuel stream determines the length of 
the flame. For free -convection fires this diffusion of oxygen controls 
the rate of burning of the fuel per unit area of the burning zone. A 
detailed derivation of a simple dimensionless relationship between 
flame dimensions and rate of burning for buoyant diffusion flames, in- 
cluding a discussion of the work of others, can be found in the paper 
by Thomas et al., (1961). 

The derived dimensionless relationship of the flame dimensions 
with the modified Froude number containing the combustion gas velocity, 
V, is 



Assuming that the temperature of the combustion gases emerging 

from the fuel in the flaming zone is the same for the different fires 

and that it is equal to the flame temperature of 1650° F., then the 

velocity, V, of the gases is calculated by the relation 

V = 2G (2) 

Pg 

The term, C, is the weight of gas produced per unit weight of solid 
fuel. For conditions of complete combustion (Kawagoe, 1958); no 



excess air, and gas temperature at 1650° F.^ C = 6.13, and p = 

&> 

0.019 The flame dimensions can he expressed in terms of 

the rate of burning per unit area^ Gj by combining equations 1 and 2 


L 

D 



(3) 


From time-lapse motion pictures taken during the steady-state 
burning period^ measurements of flame length, L, and depth of flaming 
zone, B, were made of 66 crib fires. These cribs were of varying 
widths and heights and contained wood of varying densities, fuel sizes, 
and moisture contents; but, in this flame dimension correlation it is 
assumed that the fuel and fuel bed parameters are important only in 
their effect on G, the rate of burning. The rate of burning per unit 
area, G, of each crib was calculated by the equation 

G = ^ (ibs/ft^min) (4) 

Since for most of the fires burned, the ratios of the flaming zone, D, 
to the width of the crib, w^, were less than 1.0, i.e., b/w^ < 1.0, 

then the advancing flaming zone for these fires may be considered, 
ideally, a semi -infinite strip or line fire. Dimensionless correlation 
of flame dimensions with burning rate for crib fires is shown in 
figure 7 the equation for the line is 


L 

D 


= 4.5 



0.43 


(5) 
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Figure 7. --Dimensionless correlation of flame dimensions with burning 

rate for crib fires. 



The exponent, 0.43^ in equation 5 is in agreement with the value 
found hy Thomas (1961) for line fires which were humed hoth with and 
without wind. This suggests that the functional power relationship 
between flame dimensions and Froude number is Independent of wind. 

Data from fires with D/w^ < O .5 were used to determine the re- 

D 

lationship between the flame length, L, and the energy liberation rate 
per unit length of fire front, HWR. Figure 8 shows that L is pro- 
portional to the two -thirds power of HWR. The value of 2/3 is in 

2/ 

agreement with that indicated by Thomas—' for strip or line fires . 

The equation for the line is 

L = 0.74(HWR)^/^ (inches) (6) 

where W is expressed in Ibs/in . 


7- Burning Time Correlation 

A flaming zone of depth, D, moving at a rate, R, through a fuel 
bed of solid fuel particles, will require a time, to pass a refer- 
ence point in the fuel bed. During this time, 0^, a quantity of fuel, 
W, is burned at a rate, G. Thus, by definition 


0 - ^ ^ 
r ■ R “ G 


( 7 ) 


If the position of a fuel particle is used as a reference point, then 
0^ will be the time during which a fuel particle resides in the flam- 
ing zone and may be referred to as residence time . This fuel particle 

2/ Thomas, P. H. Size of flames from natural fires. The Ninth 
International Symposium on Combustion. I962. 
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L (inches) 



HWR (B.t.u./in min) 


Figure 8. --Flame length as a function of rate of energy released per unit 

length of fire front. 


of initial thickness^ when ignited_, is at the front of the flaming 

zone and is surrounded by a gas at temperature^ t . The gas is emitted 

by the burning particles spaced at regular intervals from each other. 

At ignition, the center of the particle is at temperature, t^, and its 

temperature increases with time until the particle reaches the rear of 

the flaming zone. It is assumed that when the particle arrives at the 

rear of the flaming zone all of its volatiles are released and its 

center reaches the same temperature as that of the surrounding gas . 

It is also assumed that at the burning surface the mass transfer of 

the volatiles from the burning particle is proportional to the heat 

transfer by conduction into the particle. This presupposes that the 

mass diffusivity is proportional to the thermal diffusivity. The heat 

flow to the burning particle from the neighboring burning particles is 

proportional to ■ Since the temperature of the surrounding gas 

is assumed to be constant, it follows then that the ratio h/h is 

effectively constant. The temperature, t , of the gas will depend on 

g 

its heat capacity and the amount of heat transferred to it by the burn- 
ing particles of the combustion zone less the losses by convection to 
the atmosphere. For steady-state conditions, it is assumed that the 

gas temperature, t , and density, p , remain constant and have the 
g g 

values of 1650^ F. and O.OI9 Ib/ft^, respectively (Kawagoe, 1958 )- 


Consider 


a flaming zone moving through a fuel bed of height, 


width, w.^, and composed of fuel particles with initial thickness, d^, 
moisture content, M^, and density, . At time, G, after the particle 
enters the flaming zone, the temperature, t, at the center of a 
particle may be determined by an equation which expresses the fuel and 
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fuel "bed parameters and the mass and energy transfer rates in terms 
of dimensionless groups. The equation is written as 


-Llm-f/ea. L ^ If „ !s 

; - t i ^ 2^ hd ^ P ' f^ d ^ d 

go \d^ og hfoo 


( 8 ) 


The first two dimensionless groups on the right side of 
equation 8 are^ respectively,, Fourier number and the length and 
depth of flame ratio; the latter is a function of Froude number as 
presented in the preceding section. Fourier number describes the 
heat transfer by conduction into a solid body from its surface and in 
this analysis it is assumed to be proportional to mass transfer 
(Spalding;, 1955 ). Froude number, in this case, represents the natural 
convective heat and mass transfer from a source to the atmosphere. The 
third dimensionless group, k^/hd^, is the reciprocal of Wusselt number, 
which describes the heat transfer between the surface of the particle 
and the surrounding gas. If k /h is assumed to remain constant during 

s 

the "burning of a particle of initial slze^ then the dimensionless 
group k^h/d^ may be considered as an independent parameter. The re- 
maining six groups of equation 8 are ratios involving fuel and fuel 
bed parameters . 


It follows that when O = "& , then t - t = t - t and equation 

r' o g 0 


may be written as 




k _ id M D 

2 ^ D “ Mhd ' p ^ w ■ 
d \ o 


o 


P ^ "f^ fy ^ V’ d ' d 
b f o o 


(9) 



In equation 9, if is replaced ly D/R from equation 7, then the 
left side hecomes La /Rd^ • Similar ly^ replacing 0^ with VJ/g in 
equation 9, the left side "becomes WLq; /^Rd^ . The product GD is the 
rate of "burning per unit width of a line fire. 

To determine the numerical value of the dimensionless group 
j a is replaced by k/p and ©-^ is replaced by D/r 
( equation Y)- For each fire, measurements of the width of flaming 
zone, D, are taken from 3 -second time-lapse motion pictures . Thermal 
diffusivity, o; , is determined by using an empirical equation for 
thermal conductivity, k, expressed as a function of density, p^, of 
bone-dry wood (MacLean 19^1 ), and a value of 0.327 is used for the 
specific heat, C^, of bone-dry wood (Dunlap I912). When is ex- 
pressed as Ibs/ft'^, the equation for o. in units of inches squared 
per minute becomes; 


a 


O.IOO 

*^f 


+ 0.0137 


( 10 ) 


Data from I06 fires, including 22 stationary flame model fires 
by Gross (1962), were analyzed to establish exponents for the dim.en- 
sionless ratios on the right side of equation 9* Fo^ fires by Gross, 
D/d^ was held constant at a value of 10. For the propagating flame 
model in which the depth of the flaming zone is allowed to assume a 
natural value, data showed that the ratio D/d^ for each fire vras 
approximately 10.5- Since D/d^ remained constant for the two types of 
models, this group was not considered in the analysis. In the dimen- 
sionless group k /hd , a value of unity was chosen for the ratio k /h. 

g o g 
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The fires by Gross were used to determine the exponent for V /v because 

S ^ 

the ratios li, /w, and 4h /d for these cribs were constant and V /V^ was 
Id' b o' o @ f 

varied independently of fuel size. The exponent for k^/hd^ was deter- 
mined from data taken on fires in which fuel size, d , was varied. For 

o 

these fires the product of and 4li^/d^ was held constant. 

Equation 9 with the exponents for the dimensionless groups becomes 



where \ = V d /4-V 

go' f 


Based on equation 11, a correlation of the data is shown in figure 9 
by the curve which has a slope of unity. 

Equation 11 gives the scale effects of the fuel and fuel bed 
variables on burning time, propagating rate, and burning rate for crib 
fires. With the exception of the gas -to -fuel -volume ratio, the range 
of fuel and fuel bed variables covered by the crib fires is comparable 


to those sometimes found in forest areas. For most forest fuel types, 
such as grass, litter, and brush, the gas -to-f uel-volume ratio (V /Y ) 
is greater than 4.0 (Fons, 1946), Equations 6 and 11 may be used to 


make quantitative estimates of flame length, L, rate of propagation, R, 
and rate of burning per unit width, GD, for line fires in forests. 



10 


Figure 9. 


20 40 60 60 100 200 



(dimttntionleti) 


--Dimensionless correlation of heat and mass transfer with fuel 
and fuel bed parameters for crib fires. 
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8. Convective Heat 


The rate of convective heat^ from crih fires is determined 

hy the mass velocity of the gas through the exhaust stacks the specific 
heat of the gas, and the terminal temperature difference between the 
stack gas and the incoming air. The equation for calculating the rate 
of convective heat is 


Q = A U p C At 

C S 'S p 


( 12 ) 


For each crib fire the maximum stack velocity, U , is measured with 

a Pitot tube at a position six diameters above the entrance. A ratio 

of U/U = 0.89 was established from results of a traverse made across 
' max 

the section of the stack for a Reynolds number of 0.25 ^ 10^. Thus, 
equation (l2) becomes 


Q 


c 


0 . 89 U A 
max s 


p C At 
s p 


(13) 


Equation I 3 neglects heat lost through the hood and the stack wall. 

The temperature difference. At, between the stack gas and the Incoming 
air for each fire is measured directly with a parallel-series arrange- 
ment of thermocouples. Four thermocouples, wired in parallel and placed 
six feet above the floor at the four corners of the combustion table, 
sense the temperature of the incoming air. In series with these is con- 
nected a fifth thermocouple which is peened at the center of a l/4-inch 
copper tube and placed across the stack 12.5 feet above the entrance. 

It is assumed that the copper tube attains the average temperature of 
the stack gases soon after a steady-state burning condition is establish- 


ed for a crib fire. 



Figure 10 shows that the rate of convective heat, Q^, calculated 
hy equation ( 13 ), is proportional to the rate of combustion, Q. The 
rate of combustion is detemnined by the following equation: 


8640 


(Btu/sec ) 


9- Radiative Heat 

a. Irradiance. --The irradiance of the crib fires was measured by 
directional thermopile radiometers at three different positions 
(fig. 11 ). The radiometer distance of 18.57 feet from the flaming 
zone was more than adequate to permit the hot-junction receiver strip 
to see the combined area of the burning zone within the crib and the 
flaming zone above the crib. Detailed description of the directional 
radiometer is given in reference (Gier and Boelter, 19^1^ PP- 1284-1292). 
Briefly, the radiometer consists of a 15 O- junction, silver-constantan 
thermopile mounted in the rear of a cylindrical metal housing. A rear 
plate with a narrow slot allows radiation entering the front opening 
of the radiometer to impinge on the hot-junction receiver strip, while 
shielding the cold- junction strip. The output of the thermopile is 
linear. A calibration factor, K, in Btu/ft^r per millivolt output is 
furnished for each instrument by the manufacturer. 

Tables 8 and 9 in Appendix A give irradiance measured at three 
positions (front, rear, and side of fire) for 57 fires. Figure 12 
shows irradiance, I, as a function of rate of combustion, Q. The re- 
sults shown in figure 12 indicate that the irradiance at the side and 
rear of the crib fires are approximately equal. The results also show 
that the irradiance at the front of the fire is about 60 percent of the 
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Figure 10. - -Rate of convective heat, of crib fires with different 

rates of combustion, Q. 



Combustion table 


Crib 



ELEVATION 

Radiometers, (A), (B) , (C) 


Figure 1 1. --Schematic diagram, illustrating positions of radiometers 
relative to crib and flaming zone. 
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Figure 12. --Irradiancej I, at three positionSj as a function 
of rate of combustion^ Q. 



irradlance neasured at the side or rear. The decrease in irradiance 

at the front of the fire may he accounted for hy the fact that the 

burning zone within the crih is shielded from the radiometer hy the 

unhurned portion of the crih, (see figure 11, radiometer position (A)) 

This suggests that the burning zone within the crih contributes about 

^0 percent of the irradlance toward the unhurned fuel. 

h. Rate of Radiative Heat . --Measurements of the irradlance were 

made at several points for determining the rate of radiative heat. 

These measurements were made for fires in cribs of different species 

of wood, {see table 5 )* For these fires the three radiometers at 

positions (a), (b), and (C) in figure 11 were mounted on carriages 

which could be moved along a curved standard to various elevation 

angles, ranging from -15° to + (Fons et , 1959)* The radius 

of cuirvature for the standard was l4 feet with the origin at a point 

in the flame 2 feet above the base of the fuel bed. The horizontal or 

zero position of the radiometer angle, therefore, corresponds to the 

base of a hemisphere with a radius of lA feet. Readings for each radi 

ometer were taken at angles of 0 °, 10 °, 20 °, 30 °, Ao°, and 50 ° during 

the steady-state burning period of a fire. Irradiance data for each 

of the three positions were plotted against elevation angles from 0 ° 

to 50°. The curves drawn through the points were extended to -10° and 

90 ° to approximate the irradiance below 0° and above 50°. This method 

of approximating the irradiance above 50 ° should not seriously affect 

o 

the final result because the surface area of the hemisphere from 50 
to the zenith or 90 ° is only I 5 percent of the surface area used in 
calculating the total radiant energy. The cutoff angle imposed by 
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the combustion table on the radiometers was about 8° below the hori- 
zontalj so radiant energy from -8° to - 90 ° was not included in the 
integration procedure. It is assumed that the radiant energy inter- 
cepted by the top of the combustion table is transferred to the 
entrained air as convective heat. 

Irradiance measurements from the front and rear radiometers 
were used to calculate the radiative heat for l/2 of the surface area 
or l/^ each of the partial sphere -8° to + 90 ° in the integrating pro- 
cedure. The measurements from the side radiometer were used in com- 
puting the radiative heat for the remaining half of the surface area. 
Estimates of rate of radiative heat^ obtained by the integration 

method are presented in table 2. The average rate of radiative heat^ 
for the 15 fires is approximately 17 percent of the average rate 
of combustion^ Q. 


Table 2. --Rate of radiative heat from crib fires 


Fire 

Wo . 

^r 

Fire 

Wo. 

Q. 

r 


Btu/sec 


Btu /sec 

HI 

7-66 

3S 

5.55 

3M 

8.12 

4S 

5.27 

4-M 

7.58 

lY 

6.28 

5M 

8.28 

2Y 

6.08 

2B 

8.88 

3Y 

6.14 

3B 

8.45 

4y 

5.52 

4b 

8.24 

5Y 

5-41 

5B 

9.22 
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10 . Flame Emissivity 


The emissive power^, from a black body or an ideal radiator 

at temperature j T, may be expressed by the Stefan -Boltzmann equation 
as 

= aT^ ( 15 ) 


ThuSj if is the emissive power from a black body, the emissivity of 
a non-black body, with an emissive power, E, may be defined as 


E 



(16) 


For a diffuse surface, equation (l 6 ) may be considered to define the 
total or mean effective emissivity with respect to radiation from a 
surface at any angle. Combining equations ( 15 ) and ( 16 ) gives 

^ =-A 

g-T 


The equation for calculating the emissivity of a flame from 
radiometer measurements must consider the radiant energy exchange 
between the flame and the radiometer receiver strip. For this purpose 
the equation must include the geometrical view factor between the re- 
ceiver strip and the flame surface. The shape of the flaming zone of 
a crib fire is nearly rectangular when viewed from the side, front, 
or rear (fig. l). Tables of view factors for rectangular sources, to 
a point in a plane parallel and to a point in a plane perpendicular 
to the source, are presented in Appendix B, tables 10 and 11. 
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The radiometer, at the position of zero degrees, sees a circular 
area (Gier and Boelter, 19^1; PP- 1284-1292) within which is a nearly 
rectangular flaming surface in a plane parallel to the radiometer re- 
ceiver strip. The irradiation of the radiometer receiver strip, con- 
sidered as an Incremental area, AA^, is composed of several parts: 

1. Energy emitted by flame surface of area, A^, at temperature, T^, 

IS ^21 ^2 ^2 ' 

2. Energy emitted by an area, A^, at temperature, T^, within the 
circular area viewed by the radiometer with excluded is 

4 "31 4 ^3' 


3 . Energy emitted by the surroundings at temperature, Tj^, and 


, . 4 

reflected from A^ is (l - e^) ^21 ^2 '^4 ' 


4. Energy emitted by the surroundings at temperature, T^^, and 

reflected from is (l - F^^-A^ '^4^* 

5 . Energy emitted by the receiver strip to area, A^, is 

^1 ^12 ^-^1 "^1 ■ 

6. Energy emitted by the receiver strip to area, A^, is 

4 

- € F AA T . 

1 13 1 


It is assumed that _ T^ _ Tj^ , e 


■3 


^ 4 ^ 




'1 = '3 


_ 1, and that by the 


reciprocity theorem F^^ A A^ = F^^ A^ and F^^ A A^ = F^^ . Adding 

the energies emitted by the several parts gives an expression for 
irradiation 


K (mv) - F^^ - T^^) 

where (mv) is the millivolt output of the radiometer and K is its 
calibration factor in Btu/ft^hr per millivolt. 


(18) 



( 19 ) 


Solving equation (l8) for 


K(mv) 

IT 


F (T - t"^) 
12 2 1 ^ 


the emissivity of the flame is 


The product^ K(mv)j in equation (l9) is equivalent to the emissive 

power, E, of a surface given hy equation (l7)- 

Values of K(mv) were calculated from radiometer millivolt output, 

(mv), for rear and side positions of 30 crih fires. The corresponding 

view factors, F^^^ were determined hy table 10 from the measured flame 

dimensions of each fire. Flame temperature of each fire was assumed 

constant at l600° F. for the entire flame zone. 

Table 3 presents the emissivitles calculated by equation 19, 

€ (rear view) and € (side view), of 30 fires; also, included in 

s 

table 3 are ratios of flaming zone depths, w^/d, and ratios of 
emissivitles, ^ j./ ^ g • comparing the ratios of w^/D with e e^, 
it appears that for crib fires the emissivity is proportional to the 
depth of flame, 

11 . Temperature of Convection Column 

Temperatures of the convection column from crib fires were 
measured with 33 No. 30 chromel-alumel (bare) thermocouples arranged 
in three grids at levels of U 7 , 7^, and 120 inches above the com- 
bustion table . Typical curves showing the horizontal distribution 
of temperatures at the three levels and the vertical temperature 
distribution along the central axis were presented in an earlier 
paper (Fons et al., 1959)- 
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Tatle 3 ■ ““Emlssivities for flames of crit) fires 


Fire | 

Rear view — ^ 


Side view — ^ 



* r 

No, 

K(mv ) 

4 

"r 

K(iiiv) I 

4 

E 

S 




Etu 

rtir 

-- 

-- 

Btu 

2 

ft hr 


-- 

-- 

— 

31 

15.0 

22.3 

0.213 

14.8 

11.8 

0.407 

1.85 

1.91 

32 

13.8 

25.2 

.177 

15.4 

14.4 

.347 

1.71 

1,96 

33 

13.0 

26.4 

.160 

l 4 .0 

15.0 

.304 

1.74 

1.90 


13.2 

27.2 

.157 

14.2 

1^.2 

■ 324 

1,81 

2,06 

35 

17.4 

29-6 

,191 

20.1 

33.8 

.193 

0.86 

1.01 

37 

13.2 

22.0 

.194 

13.4 

11.6 

-376 

1.93 

i.g 4 

30 

14.4 

24 , 1 + 

.191 

i 4.4 

17.4 

.270 

1.38 

1.41 

39 

13 -0 

23.6 

.179 

13.6 

12.2 

.362 

1.81 

2.02 

UO 

13.6 

23-6 

.187 

i 4 .o 

12.2 

■ 373 

1.85 

1-99 

ll 

11,6 

21.8 

.173 

12.0 

10.4 

.374 

2,01 

2.16 

h -2 

12.8 

23.4 

.177 

13.8 

12.2 

.366 

i.8g 

2.07 

lilt 

11,2 

22.2 

.164 

12.6 

10.6 

■ 385 

2. 06 

2.35 

45 

12.2 

23.4 

.170 

13.0 

13.2 

.320 

1.78 

1.88 

46 

9-5 

18.8 

,i 64 

0.2 

9.0 

.297 

2.10 

1.81 

47 

a. 5 

18.0 

.153 

7.8 

8.6 

.295 

2. 06 

1.93 

48 

0.5 

17.6 

.157 

8.0 

8.4 

.309 

1.97 

1-97 

50 

8.5 

17.6 

.157 

8.4 

8.4 

.325 

2.15 

2.07 

51 

8.0 

18.2 

.143 

7.2 

7.8 

.301 

2.31 

2.10 

5 £ 

10.1 

19.4 

.169 

8.2 

9.4 

,285 

2.01 

1.69 

53 

10.4 

19.3 

.171 

8.6 

9.4 

.297 

2.06 

1.74 

54 

10.6 

18.8 

.184 

8.4 

9.2 

.297 

2.06 

1.61 

55 

9.7 

18.6 

.169 

8.2 

9.0 

.297 

2.01 

1.76 

56 

8.8 

17.6 

.162 

6.6 

7.6 

.283 

2.26 

1.75 

57 

9.7 

19.4 

.162 

7.6 

8.4 

.296 

2.26 

1.83 

59 

15.8 

20.4 

.252 

13.6 

12.0 

.368 

1.71 

1.46 

60 

15.1 

23.0 

.214 

12.4 

15.2 

,265 

1.44 

1.24 

62 

14.7 

29.0 

.165 

i 4 .o 

15.2 

.300 

1.81 

1.82 

63 

15.5 

26.4 

,190 

14.4 

13.8 

.338 

1.89 

1.78 

64 

15.9 

28.4 

.182 

15.4 

20.2 

.247 

1.34 

1.36 

65 

16.7 

25.0 

.216 

19.2 

17.8 

.350 

i.36 

1.62 


Radiometer position, see figure 11 . 

2/ depth of flame side view; D, depth of flEune rear viev. 



The natural convection movement of the heated column above fires 
is responsible for the air entrainment into the column. To gain a fun- 
damental understanding of the convection zone of a fire burning in a 
free atmosphere, Scesa and Sauer (l95^) and Yih (1953^ pp. 117-133) 
made theoretical analyses of the transport processes for point and 
line heat sources based on heat transfer and fluid flow theories. Lee 
and Emmons (I961) made a theoretical analysis and an experimental study 
of the convection above a line fire with a channel burner using the 
liquid fuels acetone and methyl alcohol. Yih used Bunsen burners to 
study convection above a point source. 

The equation, giving temperature distribution within a turbulent 
column above a point source (Scesa and Sauer, 195^ was rearranged 
into a functional relationship between dimensionless height and dimen- 
sionless temperature rise as follows: 



A T g Z 


5/3 




T^ (Q /C T^ P^) 
o c p o o 


( 20 ) 


The temperature data of the convection column from 20 fires in 
cribs 5 -5 inches high and 9-25 inches wide were correlated, using the 
functional relationship given by equation 20. Since these crib fires 
are finite sources, 1/2 foot was added to the height to adjust values 
of Z to a vertical distance from a virtual point source . Figure I3 
shows the relationship of the two dimensionless groups which character- 
izes the temperature field of the convection columns resulting from 
these wood crib fires . The correlation of the two dimensionless groups 
for the crib fires agrees reasonably well with results obtained by 
Yih (1953, pp. llT-133). 
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Figure 13. --Temperature distribution function for turbulent convection above crib fires. 


CONCLUSIONS 


1. Dimensionless relationship hetween the flame dimensions and 
modified Froude number, found by others using stationary flame 
models, is also applicable to a propagating flame model. 

2. For line fires the burning rate or the rate of fire spread of a 
given fuel can be estimated from the flame length. 

3. Relationships can be established between the burning character- 
istics of wood crib fires and the fuel and fuel bed parameters, 
expressed in dimensionless form, by the power law assumption. 

4. The spatial distribution of temperature in the convection column 
of a wood crib fire is similar to the distribution found for other 
heat sources . 

5 . The rate of radiative heat from laboratory crib fires is approxi- 
mately 17 percent of the total heat rate evolved. 

6. In determining the total effective flame emissivity of crib fires, 
the depth of flaming zone must be considered. 
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PLANS FOR COKTIMJATIOK 


A proposal for the continuation of Project Fire Model was suh- 
mitted on November 17 ^ 19 ^ 1 , to the Bureau of Standards for consider- 
ation. The proposal was approved on February 28 ^ I 962 , for a period 
ending June 30^ 1963- 

A brief description of the research worh proposed to be undertaken 
follows : 

1. To learn the effect of fuel size upon certain dependent variables 
associated with free-burning fire . The effect of fuel size on rate 
of spread through white fir wood cribs has been obtained for a 
range of stick sizes^ from l/4 to l-l/4 inches square (see page 3^j 
Suinrnary Report^ May 31^ I 960 ). These tests were made with density 
and- moisture content of the wood constant^ averaging O .385 and 10.4 
percent j respectively. It is proposed to conduct additional tests 
to include higher and lower densities and moisture contents. Data 
from such tests should confirm whether or not residence time scales 
to the three-halves power of fuel size regardless of fuel moisture 
or density. 

2 . To learn the effect of particle spacing in the fuel bed on fire 
characteristics . Earlier work on fire spread with beds of natural 
fuels indicated that rate of spread increased as the ratio of voids 
to the fuel surface area in the fuel bed increased. 

The spacing of sticks making up the cribs tested on the project 
thus far has been kept at a constant value of 1-1/4 inches on the 
horizontal plane; on the vertical plane the spacing has been equal 



to the thickness of the sticks. It is proposed to test crihs of 
1/2-inch square sticks of white fir with spacing varied from 1/2 to 
approximately 3 inches. Present method of crib construction will 
he modified to obtain equal spacing in the vertical and horizontal 
plane regardless of stick sizes . 

3. To relate the properties of free -burning fire in wood-crib fuel 
beds to Independent variables affecting the fire . Analysis of the 
phenomenon of combustion of beds of solid fuels will be continued 
to explain such behavior aspects as rate of spread, partition of 
energy, and convection column characteristics . The ultimate 
objective of these analyses will be to develop through theory and 
from experimental data obtained from model fires scaling laws for 
prediction of the behavior and properties of full-scale free- 
burning fires . 
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WOMEWCLATURE 


Symbol 

A 

s 

C 

C 

P 


C 

P 


d 

o 

D 


E 



g 

G 

h 


H 

I 

k 

k 

g 

K 

L 


Description 

Cross-sectional area of exhaust stack 

Mass of combustion gas produced per unit 
mass of solid fuel 

Specific heat of dry wood; also specific 
heat of ambient air 

Specific heat of stack gas at constant 
pressure 

Initial thickness of fuel 

Depth of flaming zone in the direction of 
fire spread 

Emissive power of a non-black body 

Emissive power of a black body 

View factor from area 1 to area 2 

Acceleration due to gravity 

Rate of fuel burning per unit area 

Heat transfer coefficient 

Height of fuel bed 

Low heat value of dry wood 

Irradiance, intensity of radiation 

Thermal conductivity of dry wood 

Thermal conductivity of gas surrounding the 
fuel particle 

Radiometer calibration factor 

Length of flame 
Length of fuel bed 


Units 


ft 


2 


Btu/lb°F 
Btu /lb°F 


inches 

inches 


Btu/f t^hr 
Btu/ft^r 


ft/sec^ 

2 

lbs /ft min 

Btu/ft^r°F 

inches 

Btu/lb 

Btu/ft^hr 

Btu /ft hr°F 

Btu /ft hr°F 

Btu/ft^r per 
millivolt 

inches 

inches 



in 

Mass of water in fuel 

lbs 

“f 

Mass of bone-dry fuel 

lbs 


Moisture content, lOOm/m^ 

percent 

Q 

Rate of combustion 

Btu/sec 


Rate of convective heat 

Btu/sec 


Rate of radiative heat 

Btu/sec 

R 

Rate of fire propagation 

in /min 

t 

Fuel temperature at center of fuel particle 

°F 

t 

g 

Gas temperature in the flaming zone 

°F 

t 

0 

Room temperaturej also initial temperature 
of the fuel 


t 

s 

Stack gas temperature 

°F 

T 

Temperature, absolute 

°R 

T 

o 

Temperature of ambient air 

°R 

U 

Average stack gas velocity 

ft/sec 

U 

max 

Maximum stack gas velocity; measured at the 
center of stack 

ft/sec 

V 

Vertical velocity of combustion gases 
emerging from the flaming zone 

ft/sec 


Volume of fuel in crib 

in3 

V 

g 

Volume of gas or void in crib 

in3 

\ 

Width of fuel bed; also depth of flame 
(side view) 

inches 

w 

Weight of fuel burned per unit area 

Ibs/ft^ 


Weight of fuel in crib 

lbs 

w 

0 

Loading, weight of fuel in crib per unit area 

lbs /f t^ 

Y 

Horizontal distance from source axis 

inches 

Z 

Vertical distance from a virtual point source 
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inches 



a 


Thermal diffusivity 


At 

AT 

c 

e 

r 

e 

s 

© 

© 

r 

\ 

Ph 

Pf 

pQ 

Ps 


Terminal temperature difference "between 
stack gas and incoming air; t^ - t^ 

Temperature rise above ambient air, 
in convection column 

Emissivity of non-black body, 

Emissivity, rear view of fire 

Emissivity, side view of fire 

Time 

Burning time of fuel particle 

Volume of voids per unit of fuel surface 

Apparent density of fuel bed 

Density of gas at constant pressure 

Fuel density, bone-dry 

Mass density of ambient air 

Stack gas density at constant pressure 

g 

Stefan-Boltzmann constant, 0.171^ x 10 


. 2 / . 
in /min 

O-p 

minutes 
minutes 
inches 
lbs /f t^ 
lbs /f t^ 
lbs /f t^ 

Ibs sec /ft 

Ibs/ft^ 

Btu/ft^hr°R^ 


cr 
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APPENDIX A 


Tatle 


4 . — Escperimental conditions 
lateral 


for fires in crilas of vhite firewood vith 
spacing of 1.25 inches 


Fire 

No. 

T IT" 

Room— ^ 
ten^). 

Fuel and fuel hed parameters 

t 

o 

d 

0 


•^f 

Pb 


w 

0 


B 



1 

In 

Percent 

Lts/ft^ 

Lbs/ft^ 

Lbs 

Lbs/ft^ 



In 

1 

67 

0.453 

9.8 

27.1 

7.29 

7.54 

3.31 

5.44 

9.25 

35.5 

2 

70 

■453 

9.0 

22.5 

6.12 

6.32 

2.77 

5.44 

9.25 

35.5 

3 

70 

•453 

10.3 

31.9 

8.47 

8.76 

3.04 

5.44 

9.25 

35.5 

4 

72 

.453 

10.3 

1B.9 

5.15 

5.32 

2.33 

5.44 

9.25 

35-5 

5 

76 

■ 453 

10.4 

24.5 

6.58 

6.81 

2.99 

5.44 

9.25 

35-5 

6 

73 

.453 

11.1 

24.7 

6.67 

6.90 

3-03 

5.44 

9.25 

35-5 

T 

72 

■ 453 

11.5 

24.1 

6.69 

2.15 

1.52 

2.72 

5-75 

35.5 

8 

76 

■ 453 

10.6 

24.1 

6.77 

10.17 

7.17 

12.70 

5.75 

35.5 

9 

72 

•453 

10.8 

24.1 

6.32 

5.74 

1.43 

2.72 

16.25 

35.5 

10 

75 

■ 453 

10.9 

24.1 

6.34 

26.91 

6.72 

12.70 

16.25 

35.5 

11 

71 

■ 453 

10.2 

24.4 

6.43 

11.67 

2.91 

5.44 

16.25 

35.5 

12 

75 

■ 453 

10.2 

24.5 

6.48 

21.55 

5.30 

9.97 

16.25 

35-5 

13 

75 

■ 453 

10.1 

24.3 

6.60 

15-93 

6.99 

12.70 

9-25 

35.5 

Ik - 

7 ? 

■ 453 

10.2 

24.6 

6.55 

21.79 

6.94 

12.70 

12.75 

35.5 

15 

73 

■ 453 

10.4 

29.0 

7.79 

10.81 

3.52 

5.44 

9.25 

47.8 

l 6 

7 '^ 

■ 909 

10.2 

24.0 

10.96 

18.54 

7.21 

7.91 

10.00 

37.0 

17 

76 

.454 

10.6 

24.1 

6.41 

21.37 

5.33 

9-99 

16.25 

35-5 

18 

74 

■ 454 

10.3 

24.4 

6.44 

11.74 

2.93 

5.45 

16.25 

35.5 

19 

74 

,206 

10.8 

24.9 

4.84 

7.60 

3.23 

8.01 

9.50 

35.6 

20 

TT 

.680 

10.7 

24.0 

8.86 

12.52 

6.02 

0.16 

8.44 

35-4 

21 

80 

1.244 

10.4 

24.0 

12.41 

20.71 

7-72 

7.46 

8.75 

61.2 


- U5 - 





Table 4, --Experimental conditions for fires in cribs of vhite fir^'' wood with 
lateral spacing of 1.25 inches (continued) 


Fire 

No. 

P 2/ 

Room— 

temp . 




Fuel ana fuel 

bed parameters 



t 

0 

d 

0 


‘’f 


'^f 

W 

0 






In 

Percent 

Lbs /ft ^ 

Lbs /f t^ 

Lbs 

Lbs/ft^ 


In 

In 

22 

77 

0.454 

10.9 

24.3 

6.58 

9.17 

2.99 

5.15 

9.25 

47.8 

23 

62 

.454 

10.7 

24.3 

6.64 

10.29 

4.51 

8.17 

9.25 

35.5 

2 k 

63 

.989 

10»7 

24.0 

10.94 

18.53 

7.21 

7.91 

10.00 

37.0 

25 

66 

1.244 

10.6 

24.1 

12.46 

28.82 

7,7^^ 

7.46 

8.75 

61.2 

26 

60 

.680 

10.5 

24.2 

8.92 

16.70 

6.07 

8.16 

8.44 

47.0 

27 

6 c 

.454 

10.5 

24.3 

6.62 

9.22 

3.00 

5.*t5 

9.25 

47.8 

29 

60 

.443 

14.2 

24.2 

6.04 

6.11 

2.68 

5.32 

9.25 

35.5 

29 

67 

.443 

4.8 

24.3 

6.06 

6.13 

2.69 

5.32 

9.25 

35.5 

30 

57 

.443 

13-3 

24.1 

6.03 

6.09 

2.67 

5.32 

9.25 

35.5 

31 

64 

.443 

4.9 

24,1 

6.03 

6.10 

2.68 

5.32 

9.25 

35.5 

32 

82 

.443 

3.6 

29.5 

7.81 

7.89 

3.46 

5.32 

9.25 

35.5 

33 

86 

.443 

3.6 

27.1 

7.15 

7.24 

3.18 

5.32 

9.25 

35.5 

3^ 

85 

.443 

3.7 

24.8 

6.53 

6.61 

2.90 

5.32 

9.25 

35.5 

35 

90 

.443 

3.8 

20;0 

5.27 

5.33 

2.34 

5.32 

9.25 

35.5 

36 

89 

.443 

3.6 

22.4 

5.91 

5.97 

2.62 

5.32 

9.25 

35.5 

37 

64 

.443 

6.1 

27.0 

7.12 

7-19 

3.15 

5.32 

9.25 

35.5 

38 

66 

.443 

6.U 

20.0 

5.27 

5.32 

2.33 

5.32 

9.25 

35.5 

39 

69 

.443 

6,1 

24.7 

6.51 

6.59 

2.89 

5.32 

9.25 

35.5 

ho 

70 

.443 

6,1 

22.3 

5.89 

5.96 

2,61 

5.32 

9.25 

35.5 

hi 

73 

.443 

8.6 

24.6 

6.48 

6-55 

2.87 

5.32 

9.25 

35.5 

k 2 

75 

.443 

8.1 

19.9 

5-25 

5.32 

2.33 

5.32 

9-25 

35.5 

43 

77 

.443 

8,0 

29.3 

7.71* 

7.82 

3 •‘*3 

5.32 

9.25 

35.5 

44 

79 

.443 

8.5 

27.0 

7.12 

7.20 

3.16 

5.32 

9.25 

35.5 

45 

79 

.443 

8,0 

22.4 

5.91 

5.97 

2.62 

5.32 

9.25 

35.5 

46 

71 

.443 

16.2 

18.7 

4.94 

5.00 

2.19 

5.32 

9.25 

35.5 

47 

70 

.443 

16.7 

24.7 

6.53 

6.60 

2.89 

5-32 

9.25 

35.5 

48 

70 

.443 

15.8 

29.8 

7.84 

7.94 

3.48 

5.32 

9.25 

35.5 

50 

76 

.443 

15.6 

34.1 

9.00 

9.11 

4.00 

5.32 

9.25 

35.5 

51 

76 

.443 

16.4 

22.5 

5.94 

6.01 

2.64 

5.32 

9.25 

35.5 

52 

74 

.443 

i 4 .o 

20.0 

5.27 

5-33 

2.34 

5.32 

9.25 

35.5 

53 

77 

.443 

12.7 

22.2 

5.84 

5.91 

2.59 

5.32 

9.25 

35.5 

54 

76 

.443 

13.4 

24.5 

6.46 

6.53 

2.86 

5.32 

9.25 

35-5 

55 

74 

.443 

13-3 

29-1 

7.69 

7.78 

3.41 

5.32 

9.25 

35.5 

56 

75 

.443 

13.7 

27.1 

7.15 

7-23 

3.17 

5.32 

9.25 

35.5 

57 

76 

.443 

13.6 

32.6 

8.60 

8.70 

3.82 

5.32 

9.25 

35.5 

59 

68 

.443 

4.8 

31-6 

8.35 

8,44 

3.70 

5.32 

9.25 

35.5 

60 

74 

.443 

5.0 

29-3 

7.72 

7.81 

3.42 

5.32 

9.25 

35.5 

62 

82 

.443 

4.7 

24.5 

6.48 

6.55 

2.67 

5.32 

9.25 

35.5 

63 

82 

.443 

4.6 

27.2 

7.17 

7.25 

3.18 

5.32 

9.25 

35.5 

64 

81 

.443 

4.7 

20,0 

5.29 

5.3^1 

2.34 

5.32 

9.25 

35.5 

65 

84 

.443 

2.5 

22,4 

5.91 

5.96 

2.62 

5.32 

9.25 

35.5 


White fir: ( Abies concolor ). 

2/ Average of readings taken before and after fire . 



Table 5 ■ --Experimental conditions for fires with crihs of four different species of wood 


Boom 


Fire 

No. 

ten^ . 




Fuel and 

fuel bed parameters 



0 ' 

d. 

0 


Pf 

Pb 


1 


W 

b 

S 



In 

Percent 


Lbs/rt^ 

Lbs 

Lbs/ft^ 

In 

In 

In 


65 

C.454 

11-3 

27.8 

7.50 

7.77 

3.41 

5.45 

9.25 

35.5 

2 H 

62 

. 4^4 

11.4 

29.4 

7.95 

8.24 

3.61 

5-45 

9.25 

35.5 

3 H 

64 

.454 

11.3 

31.9 

6.62 

8.93 

3-92 

5-45 

9-25 

35.5 

1 +H 

63 

.454 

11.4 

34.2 

9.24 

9-57 

4.20 

5.45 

9-25 

35.5 

5 M 

62 

.454 

10. 9 

28.3 

7.64 

7.91 

3.47 

5-45 

9-25 

35.5 

2/13 

64 

.454 

8.3 

22.5 

6.03 

6.25 

2.74 

5.45 

9.25 

35.5 

2 B 

62 

.454 

10.6 

25.4 

6.81 

7.06 

3.10 

5-45 

9.25 

35.5 

3 E 

64 

.454 

10.6 

28.3 

7.59 

7.85 

3.44 

5.45 

9.25 

35.5 

1 +B 

60 

.454 

10.6 

31.0 

8.31 

8.61 

3.78 

5.45 

9.25 

35-5 

5 B 

63 

.454 

10.0 

25.4 

6.82 

7.07 

3.10 

5.45 

9.25 

35-5 

^IS 

71 

.456 

10.6 

42-9 

11.63 

12.10 

5-31 

5.47 

9.25 

35.5 

2 S 

67 

.456 

10.4 

45.2 

12.25 

12.73 

5.58 

5.47 

9.25 

35.5 

3 S 

71 

.456 

10.5 

48.1 

13.05 

13-57 

5.95 

5.47 

9.25 

35.5 

1 +S 

62 

.456 

9.6 

45.2 

12.25 

12.74 

5-59 

5.47 

9.25 

35.5 

1*93 

69 

.456 

15-5 

46.3 

12.32 

12.80 

5.61 

5.47 

9-25 

35.5 

58s 

75 

.456 

13.2 

46.7 

12.41 

12.89 

5.65 

5.47 

9.25 

35-5 

61s 

73 

.456 

4.6 

45.4 

12.06 

12-55 

5.50 

5.47 

9-25 

35.5 

Viy 

64 

.460 

10.7 

32.1 

8.67 

9-11 

4 . 00 

5.52 

9-25 

35.5 

2 Y 

61 

.460 

10 7 

35-5 

9.61 

10.07 

4.42 

5.52 

9.25 

35.5 

3 Y 

68 

.460 

10.3 

39.2 

10.59 

11.12 

4.68 

5.52 

9.25 

35.5 

ItY 

66 

.460 

10.8 

4 l ,4 

11.16 

11.73 

5.14 

5.52 

9.25 

35-5 

5 Y 

68 

.460 

10.4 

46.9 

12.67 

13.29 

5.83 

5.52 

9.25 

35.5 


1/ Magnoliaj ( Abjt^ ) ? ^7 basswood ( Till a americaj^ ) , 3/ sugar maple ( Acer saccharuin), 

4 / longleaf pine ( Pini^ palustris ) i 


Table 6 . --Experimental results for fires in cribs of white fir wood 


Fire | 

Burning parameters 

Flame 

dimensions 

Keat rates | 

Stack^ gas conditions 

Ho. 

1 

e 

r 

G j B 

1 ^ 

L 

Q 

% 

1 ^ 

1 

At 

t 

s 

Ps 



Hid 

Lbs /ft^mln 

In/min 

In 

In 

Btu/sec 

Btu/sec 

Ft/sec 



Lbs/ft^ 

1 

2.8 

1.17 

1.51 

4.2 

33.0 

42.9 

- 

_ 

- 

- 

_ 

2 

2.4 

1.17 

1.91 

4.5 

35.3 

45.8 

- 

- 

- 

- 

- 

3 

3-6 

1.06 

1.23 

4.4 

33-6 

40.7 

_ 


- 

- 

- 

4 

1.8 

1.25 

2.38 

4.4 

36.9 

47.8 

- 

- 

- 

- 

- 

5 

2.8 

l.OT 

1.74 

4.6 

35-4 

44.7 

- 

- 

- 

- 

- 

6 

2.6 

l.li^ 

1.79 

4.7 

34,8 

46.6 

- 

- 

- 

- 

- 

7 

2.7 

.56 

1.I41 

3.8 

17.2 

11.4 

- 

- 

- 

- 

- 

8 

3-7 

1.92 

1.68 

6.2 

42.8 

64-5 



_ 

_ 

_ 

9 

3.0 

,46 

1.38 

4.2 

iB.g 

29.9 

- 

- 

- 

- 

- 

10 

3.8 

1.77 

1.92 

7.2 

66.8 

195.4 

- 

- 

- 

- 

- 

11 

2.7 

1.12 

1.87 

5-1 

38.0 

87.5 

- 

- 

- 

- 

- 

12 

3.2 

1.66 

1.75 

5.6 

52.8 

i 42.5 

- 

- 

- 

- 

- 

13 

3.2 

2.19 

1.87 

5.9 

56.5 

112.5 

- 

- 

- 

- 

- 

l 4 

3-2 

2,14 

1.86 

6.0 

64.1 

156.0 

- 

- 

- 

- 

- 

15 

2.6 

_ 

1.57 

3.6 

33.8 

- 

_ 

_ 

- 

_ 

_ 

16 

8.5 

.83 

1.15 

9.8 

39.5 

77.0 

- 

- 

- 

- 

- 

17 

3-2 

1.62 

1.78 

5.8 

53.0 

143.8 

- 

- 

- 

- 

- 

18 

3.0 

.97 

1.61 

4.8 

38.3 

71.4 

- 

- 

- 

- 

- 

19 

2.0 

1.61 

2.13 

4.2 

45.1 

61.0 

- 

- 

- 

- 

- 

20 

5 

1.10 

1,24 

6.7 

39.4 

58.6 

- 

- 

- 

- 

- 

21 

11.0 

.68 

1.25 

13.8 

29.2 

78.2 

- 

- 

- 

- 

- 


- i? ' 



Tatle 6. — Experimental results for fires in cribs of white fir wood (continued) 


Fire 

No. 

Burning parameters 

name 

dimensions 

Heat rates | 

Stack— ^ gas conditions 

9 

r 

G 

R 1 

D 

. 

Q 


U 

At 

t ^ 
s 

P 

s 


Min 

Lbs/ft ^min 

In/min 

In 

In 

Btu/sec 

Btu/sec 

Ft/sec 



Lbs/ft^ 

22 

3.0 

0.99 

1.78 

5.3 

37.2 

45.8 

- 

- 

_ 

- 

_ 

23 

2.9 

1-52 

1.81 

5.3 

41.3 

70.3 

- 

- 

- 

- 

- 

24 

7.5 

.94 

1.30 

9.8 

34.6 

87.0 

- 

- 

- 

- 

- 

25 

12.2 

.62 

1.10 

13.5 

27.0 

69-3 

- 

- 

- 

- 

- 

26 

5-2 

1.15 

1.38 

7.2 

38.3 

65.6 

- 

. 

- 

- 

- 

27 

3-1 

.96 

1.74 

5.4 

33-5 

45. 1 

- 

- 

- 

- 

- 

28 

- 

- 

1.71 

' 

- 

39.4 

- 

- 

- 

- 

- 

29 



2.67 


_ 

61.8 

_ 


_ 

_ 


30 

- 

- 

1.68 

- 

- 

38.6 

- 

- 

- 

- 

- 

31 

2.0 

1.34 

2.54 

5.0 

33.6 

58.4 

22.8 

25.3 

16. 2 

78 

0.0738 

32 

2.7 

1.28 

2.03 

5.4 

37-9 

60.1 

32.7 

26.6 

23.1 

102 

.0707 

33 

2.4 

1.29 

2.19 

5.3 

39-6 

59.3 

33.1 

27.8 

22.6 

107 

.0700 

34 

2.1 

1.37 

2.44 

5.1 

40.9 

60.6 

33.9 

27.1 

23.6 

105 

.0703 

35 

2.5 

.92 

4.29 

10.8 

44.7 

86.1 

49.7 

27.8 

34.9 

124 

.0680 

36 

_ 

_ 

3.23 

- 

_ 

72.3 

38.0 

27.1 

26.9 

115 

.0691 

37 

2.5 

1.26 

1.94 

4.8 

32.4 

52.7 

24.0 

25.3 

17.1 

79 

.0737 

38 

2.2 

1.06 

3.11 

6.7 

36.4 

62.1 

28.5 

25-5 

20.4 

85 

.0728 

39 

2.5 

1.14 

2.06 

5.1 

35-0 

50.8 

25.1 

25.5 

18.0 

86 

.0727 

4 o 

2.1 

1.24 

2.42 

5.0 

34.7 

54.1 

25.4 

25.5 

18,2 

87 

.0725 

41 

2.5 

1.14 

1.85 

4.6 

31-9 

46.0 

20.5 

25-5 

14-7 

87 

.072-5 

42 

1.8 

1.24 

2.66 

4.9 

34.6 

53-2 

25.3 

25.2 

18.5 

91 

.0721 

43 

_ 

_ 

1.50 


_ 

44.0 

21.8 

25.6 

15. T 

91 

.0721 

44 

2.6 

1.16 

1.70 

4.5 

32.6 

46.0 

22.5 

25.7 

16.2 

93 

.0718 

45 

2.2 

l.l 4 

2.31 

5.2 

34.5 

52.0 

25.3 

25.7 

18.3 

97 

.0713 

46 

2.4 

.86 

1.80 

4.4 

26.7 

33-8 

13.9 

25.4 

9-9 

81 

• 0734 

47 

3.7 

.76 

1.22 

4.5 

25.4 

30.2 

12.1 

25.4 

8.6 

80 

.0735 

48 

4.6 

.73 

1.02 

4.7 

24.0 

30.3 

13.6 

25.3 

9.7 

79 

.0737 

50 

4.5 

.87 

.96 

4.3 

24.4 

32.8 

14.2 

26.1 

9.9 

85 

.0728 

51 

3.0 

.87 

1.34 

4.0 

25.5 

30.4 

12.4 

25-5 

8.9 

85 

.0728 

52 

2.5 

.91 

1.84 

4.6 

27.8 

36.8 

13.9 

21.9 

11.6 

86 

.0727 

53 

2.7 

• 95 

1.68 

4.5 

28.3 

37.4 

14,4 

21.0 

12.6 

87 

.0725 

54 

2.9 

.96 

1.54 

4.5 

27.0 

37.8 

16.2 

20.6 

i 4.4 

89 

.0723 

55 

3.6 

.87 

1.20 

4.6 

26.5 

35.1 

l 4.4 

21.0 

12.6 

87 

.0725 

56 

3.2 

.94 

1.26 

4.1 

24.8 

34.0 

12.0 

19.4 

11.3 

84 

.0730 

57 

3.8 

.98 

1.08 

4.1 

27.8 

35.4 

12.5 

19.4 

11.8 

86 

.0727 

59 

2.9 

1.25 

1.88 

5.4 

30.8 

59-1 

19.7 

27.2 

13.1 

81 

•0734 

60 

2.9 

1.16 

2.23 

6.4 

33-9 

65.2 

26.1 

23-9 

20.2 

93 

.0718 

62 

2.1 

1.34 

2.46 

5.1 

43.8 

60.2 

26.4 

24.4 

20.2 

99 

.0710 

63 

2.2 

1.38 

2.20 

4.9 

39.7 

59.3 

23.4 

24.0 

18.2 

99 

.0710 

64 

2.0 

1.13 

3.42 

6.9 

42.8 

68.4 

33-2 

27.2 

23.0 

104 

.0704 

65 

2.1 

1.19 

3.17 

6.8 

37.3 

71.0 

32.8 

25.0 

24.9 

107 

.0700 


o 

'y Stack area was 3*1^ f't for fires 31 through 65 . 



Table 7 •- "Experimental results for fires in cribs of four different species of vood 


— ! 

Fire 

Ho. 

j Burning parameters | 

Flame 

j dimensions 

Heat 

rates 

Stack^ gas conditions 

e 

r 

s 

P 

1 

D 

1 

L 

Q 


U 

At 

t 

5 

Ps 


Min 

Lbs/ft^min 

In/min 

In 


Btu/sec 

Btu/sec 

Ft /sec 




IM 

2.7 

1.25 

1.53 

4.1 

31.9 

44.3 

25-5 

31.9 

17-2 

81 

0.0734 

2 M 

3. a 

1-13 

1.49 

4.7 

30,3 

45-7 

26,0 

33.5 

16 . 6 

79 

.0737 

3 M 

3.2 

1.21 

1.35 

4.3 

29.1 

44.9 

24.4 

31-9 

16.4 

80 

■0735 

4m 

3-3 

1.25 

1.15 

3.8 

30.7 

41.0 

23.4 

31.8 

15.7 

TT 

.0740 

5 M 

3.1 

l.il 

1.56 

4.8 

33-4 

46.0 

28.3 

30.6 

19.9 

80 

.0735 

LB 


_ 

2.64 

_ 

_ 

59.6 

_ 

_ 

_ 

_ 

_ 

2 B 

2.1 

1.45 

2.02 

4.2 

33.2 

51-3 

29^0 

31.9 

19-5 

79 

.0737 

3 B 

2.5 

1.32 

1,83 

4.7 

33.2 

52.0 

29-0 

31.9 

19.6 

82 

.073a 

4b 

2.9 

1.24 

1.63 

4.8 

32.7 

50.1 

27.6 

- 

- 

- 

- 

5 B 

2.3 

1.29 

2.05 

4.8 

35.1 

52.1 

31.8 

30.5 

22.5 

82 

.073a 

IS 

4.2 

1.21 

.88 

3.7 

26.1 

38.5 

18.0 

32-3 

12.2 

91 

.0721 

2 S 

3.9 

1.36 

.82 

3-2 

26.6 

37.4 

20.2 

31.4 

13.8 

79 

.0737 

3 S 

4.7 

1.15 

.74 

3-5 

25.2 

34.7 

16.3 

31-5 

11.2 

05 

■.0728 

l+s 

3.8 

1.39 

.86 

3-3 

26.1 

39.5 

18,9 

30.5 

13.1 

72 

.0747 

496 

5.9 

.88 

.66 

3-9 

20.6 

29.7 

11.6 

25.3 

8,2 

77 

.0740 

58s 

5-9 

.09 

.74 

4.4 

23-8 

33.6 

10.5 

20.5 

9.3 

82 

.0732 

61s 

*+-3 

1.26 

1.24 

5-3 

30.6 

57.8 

17-5 

24.1 

13.2 

84 

.0730 

lY 

4.2 

.91 

1.08 

4.6 

26.3 

37.2 

18.8 

30.0 

13.3 

75 

.0742 

2 y 

3.5 

1.22 

■ 93 

3.3 

26.8 

35.5 

18.4 

30.8 

12,6 

71 

.0748 

3 Y 

3.9 

1.21 

■ 07 

3.4 

26.7 

36.4 

18.8 

30.2 

13.4 

82 

.0732 

4y 

4.5 

1.12 

.76 

3.4 

25.6 

33-6 

17.2 

29.6 

12.5 

80 

.0735 

5 Y 

4.9 

1,14 

.67 

3-3 

26.2 

33.4 

15.8 

29-7 

11.4 

79 

.0737 


1/ Stack area was 2.6h ft^ for all fires except ^9S, 583^ and 6IS; where the area was 3.14 ft^. 
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Table 8. — Irradiance^/for fires with cribs 


of white fir wood 


Fire 

No. 

Irradiance (l) 

Front 

Rear 

Side 


Btu/ft^hr 

Btu/ft^hr 

Btu/ft^hr 

31 

9.2 

17.6 

17.4 

32 

10.3 

16.2 

18.1 

33 

9.8 

15.3 

16.5 


9.8 

15.5 

16.7 

35 

15.0 

20.5 

23.6 

36 

11.8 

18.0 

20.3 

37 

9-5 

15.5 

15.8 

38 

11.3 

16.9 

17.0 

39 

9-7 

15.3 

16.0 


9.7 

16.0 

16.5 

^1 

9.7 

13.7 

l 4.1 

4-2 

9.5 

15.0 

16.2 

43 

8.2 

13.2 

13.9 

44 

8.0 

13.2 

14.8 

*+5 

9.3 

14.4 

15.3 

46 

4.7 

11.2 

9.7 

47 

^.3 

10.0 

9.2 

48 

4.2 

10.0 

9.4 

49 

3.3 

7.3 

8.0 

50 

3.8 

10.0 

9.9 

51 

4.0 

9.4 

8.5 

52 

5.8 

11.9 

9.7 

53 

6.3 

12.3 

10.1 

54 

6.5 

12.5 

9.9 

55 

5.5 

11.4 

9.7 

56 

4.8 

10.3 

7.8 

57 

5.0 

11.4 

9.0 

58 

5.0 

9.4 

7.8 

59 

11.7 

18.6 

16.0 

60 

11.3 

17.8 

14.6 

61 

9.0 

13.2 

11.5 

62 

11.3 

17.3 

16.5 

63 

11.5 

18.2 

16.9 

64 

12.6 

18.7 

18.1 

65 

13.2 

19.6 

22.6 


For radiometer positions see figure 11. 








Table 9 ■ --Ti'iradiancei^for fires in cribs of magnolia, basswood, 



sugar maple, and 

southern yellow 

pine 

Fire 

No . 

Irradiance (l ) 

Front 

j Rear ! 

Side 


Btu/ft^hr 

Btu/ft^hr 

Btu/ft^hr 

BI 

6.2 

13.5 

11.0 

2 M 

* ■ * 

14.4 

12.6 

3 M 

7.2 

. • . 

12.3 

hK 

7.2 

13.5 - 

10.7 

5 M 

7.0 

l4.4 

13.2 

IB 




2 B 

8.2 

i4!8 

13-2 

3 B 

7.7 

13.7 

13.2 

hB 

7.2 

1^-3 

12.6 

5 B 

8.3 

i 4 .o 

14.8 

IS 


... 

... 

2 S 

■ • « 

* ■ • 

t • * 

3 S 

4.1 

9-5 

7.7 

4 s 

6.0 

12.5 

7.7 

49s 

3.3 

7.3 

8.0 

58s 

5.0 

9.4 

7.8 

61s 

9.0 

13-2 

11.5 

lY 

5.6 

12.5 

7.9 

2 Y 

5.6 

12.5 

8.1 

3 Y 

5.9 

12.3 

8.1 

4y 

5.3 

11.3 

7.0 

5 Y 

4.8 

10.9 

6.8 


1 / For radiometer positions see figure 11. 
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APPENDIX B 


The radiant energy exchange between surfaces depends on the 
emissive, absorptive, and reflective properties of the surface and 
also on their geometrical shapes and arrangement. The ratio of the 
irradiance at a point and the unit energy emitted from a surface is 
defined as the geometrical view factor between the surface and the 
point. The shape of the flaming zone of a crib fire is approximately 
rectangular when viewed from the side, front, or rear. The positions 
at which radiometers were placed to measure Irradiance for the flaming 
zone of a crib fire are shown in figure 11. The radiometers are aimed 
at a point 2-l/2 feet above the base of the crib and on the vertical 
axis of the flaming zone. In determining the view factor between a 
rectangular source and a given point, it is convenient to divide the 
surface of the source into several smaller rectangular areas (Moon, 
1936). The view factor for the total surface is then equal to the sum 
of the view factors for the smaller areas . Thus the surface of the 
flaming zone for a crib fire may be divided into four rectangular 
areas, each having one comer at the aiming point of the radiometer 


viewing that surface. 


Consider a point; P; that lies on a perpendicular erected at one 
comer of a rectangular source with constant emissive power (fig. l4). 
If the point lies in a plane parallel to the source; the equation for 
the view factor of the rectangular source (MooH; 1936 ) is 


P 

z 


where r = 


1 z 

" 2n 


■ -1 y 

sin — 
r 


+ - y . 


. -1 

sin 


£ 

r 


( 21 ) 


The corresponding equation for the view factor referring to a 
point in a plane perpendicular to the rectangular source (Moon, 1936) 
is 


1 



View factors, and F^, calculated hy equations (2l) and (22) 
for a range of values z/x and y/x, are presented in tables 10 and 11, 
respectively. These tables cover the range of view factors applicable 
to laboratory crib fires. Tables of view factors for larger rectan- 
gular sources, with y and z extending to infinity, are given by Moon 

(1936). 
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Table 10 . --View factors, x 10 , with reference to a parallel plane 
(calculated by eq^uation ( 21 )) 


z/x 

yA 

0.01 

0.02 

0.03 

o.o 4 

0.05 

0.06 

0.07 

0.08 

0.09 1 

0.10 

0.05 

1.54 

3.10 

4.70 

6.20 

7.72 

9.38 

10.9 

12,3 

14,0 

15 .6 

.06 

1.84 

3-72 

5-64 

7.44 

9.26 

11-3 

13.1 

15.0 

16.9 

18.7 

.07 

2.15 

4.34 

6.59 

a. 68 

10.3 

13.1 

15-3 

17-5 

15.7 

21.8 

.08 

2.46 

4.96 

7.52 

9-92 

12 . 3 

15.0 

17.4 

20.0 

22,5 

24.9 

.09 

2.76 

5.58 

8.46 

11.2 

13-9 

i6 . 

19.6 

22.5 

25.3 

28.0 

.10 

3.07 

6.20 

9.40 

12.4 

15.4 

18.8 

21.8 

25.0 

28.1 

31.1 

.11 

3.38 

6.82 

10.3 

13.6 

17.0 

20.6 

24.0 

27.5 

30.9 

34,2 

.12 

3.68 

7.44 

11.3 

i 4.9 

18.5 

22.5 

26.2 

30.0 

33.7 

37.3 

■13 

3-99 

8.06 

12.2 

16.1 

20.1 

24,4 

28.3 

32-5 

36.5 

40.4 

.14 

4,30 

8.68 

13.2 

17.4 

21.6 

26,3 

30.5 

35.0 

39.3 

43.5 

.15 

4.60 

9.30 

i 4 .i 

18.6 

23.1 

28.2 

32.7 

37.5 

42.2 

46.6 

.16 

4.91 

9.92 

15.0 

19.8 

24,7 

30,0 

34.9 

4 q.o 

45.0 

49.8 

• IT 

5.22 

10.5 

16.0 

21.1 

26.2 

31.9 

37.1 

42.5 

47.8 

52.9 

.18 

5.53 

11.2 

16.9 

22.3 

27.8 

33.8 

39.2 

45.0 

50.6 

56.0 

■19 

5.83 

11.8 

17.9 

23.6 

29-3 

35 -T 

4 i .4 

47.5 

53-4 

59.1 

.20 

6.14 

12.4 

18.8 

24.8 

30.9 

37-5 

43.6 

50.0 

56.2 

62.2 



1 — ( 

11 . --View factors, F x loA with reference to 

y 

(calculated by equation (22)) 

a perpendicular plane 

z/x 

y/z 

0.01 [ 

0.02 

0.03 ‘ 

0.04 

0.05 

0.06 

0.07 

0.08 

0.09 

0.10 

0.05 

0.400 

0.80 

1.20 

1.60 

2.00 

2 . 4 o 

2.80 

3.20 

3.60 

4.00 

.06 

.582 

1.16 

1.75 

2.33 

2.91 

3.49 

4.07 

4.66 

5-24 

5.82 

.07 

-774 

1.55 

2.32 

3.10 

3.87 

4.64 

5.42 

6.19 

6.97 

7.74 

.00 

1.01 

2.03 

3.o4 

4.05 

5.06 

6.08 

7.09 

8.10 

9.12 

10.1 

.09 

1.26 

2.52 

3.78 

5.04 

6.30 

7.57 

8.83 

10.1 

11.4 

12.6 

.10 

1.56 

3.12 

4.68 

6.24 

7.80 

9.36 

10.9 

12.5 

14.0 

15.6 

,11 

1.88 

3-75 

5.63 

7.50 

9.38 

11.3 

13.1 

15.0 

16,9 

18.8 

.12 

2.22 

4.44 

6.66 

8.88 

11.1 

13.3 

15.5 

17.8 

20.0 

22.2 

.13 

2.63 

5.26 

7.88 

10.5 

13-1 

15,8 

18.4 

21.0 

23.6 

26.3 

.14 

3.07 

6.13 

9.20 

12.3 

15.3 

18.4 

21.5 

24.5 

27.6 

30.7 

■15 

3.51 

7.03 

10.5 

14.1 

17.6 

21.1 

24.6 

28.1 

31.6 

35.1 

.16 

4.00 

8.00 

12.0 

16.0 

20.0 

24.0 

28.0 

32.0 

36.0 

4 o.o 

■ 17 

4.46 

8.93 

13.4 

17.9 

22.3 

26.8 

31.2 

35.7 

40.2 

44,6 

.18 

4.97 

9.93 

14.9 

19.9 

24.8 

29.8 

34.8 

39.7 

44.7 

49-7 

-19 

5.52 

11.0 

16.6 

22.1 

27.6 

33.1 

38.6 

44.2 

49.7 

55.2 

.20 

6.08 

12.2 

18.3 

24.3 

30.4 

36.5 

42.6 

48,7 

54.8 

60.9 
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